Abstract Siderophore production by marine-derived fungi has not been extensively explored. Three studies have investigated the ability of marine-derived fungi to produce siderophores in response to iron limitation [(Vala et al.
Introduction
Iron is required for growth of the vast majority of microorganisms (Templeton 2000; Sigel and Sigel 1998) . Although iron is the fourth most abundant element on the earth's surface, it is only sparingly soluble in the aerobic, near neutral conditions under which most microbes grow (K SP Fe(OH) 3 = 10 -39 ). In vast regions of the world's oceans, chlorophyll levels from photosynthetic microorganisms are unusually low leading to low levels of primary production, despite the fact that these waters are replete in major nutrients like nitrate, phosphate, and silicate. These high-nitrate-low-chlorophyll (HNLC) regions also coincide with very low iron levels, ranging from 20 pM to 1 nM in surface seawater Morel and Price 2003; Moore et al. 2001; Johnson et al. 1997 Johnson et al. , 1994 Martin et al. 1994; O'Sullivan et al. 1991; Martin 1990; Martin and Fitzwater 1988) . The recognition that the HNLC regions correlated with low iron concentrations led to the development of the Iron Hypothesis by John Martin (Martin 1990; Martin et al. 1991) , which states that primary productivity in large areas of the world's oceans is limited by low iron concentrations. In addition to phytoplankton such as diatoms and cyanobacteria, fungi and heterotrophic bacteria constitute important microorganisms in the ocean that are also potentially limited by low iron levels in HNLC regions. Obligate and facultative marine fungi have been isolated from a wide variety of marine environments with greatest diversity found in coastal waters and sediments and lowest variance in open ocean waters.
To overcome this apparent lack of iron, microorganisms have evolved an elaborate mechanism to acquire Fe(III). Under aerobic growth conditions, fungi, bacteria, and other microorganisms produce siderophores, which are low molecular weight, virtually ferric-ion-specific compounds for the solubilization and sequestration of iron(III). Siderophores are generally produced under conditions of low iron availability and secreted into the surrounding environment where they can complex ferric-ion. Four mechanisms for return of siderophore-bound iron to the cells are known in fungi: (1) in the shuttle mechanism, the Fe(III)-siderophore complex is transported across the cytoplasmic membrane by siderophore specific transport proteins and the iron is reductively removed from the siderophore complex inside the cell (van der Helm and Winkelmann 1994; Winkelmann 1990; Emery 1971; Ardon et al. 1997 Ardon et al. , 1998 ; (2) in the taxicab mechanism, Fe(III) is transferred from extracellular siderophores to intracellular ligands across the cytoplasmic membrane (Müller et al. 1985a, b; Winkelmann and Huschka 1987) ; (3) in the hydrolytic mechanism, the Fe(III)-siderophore is transferred inside the cell by specific transport proteins and the metal is removed by simultaneous reduction and degradation of the siderophore by esterases (van der Helm and Winkelmann 1994; Emery 1987, 1988) ; and (4) in the reductive mechanism, the iron is reduced by membrane bound reductases and Fe(II) is transported into the cell, the siderophore remains outside the cell (van der Helm and Winkelmann 1994; Ecker et al. 1982; Lesuisse and Labbe 1994; Lesuisse et al. 1998; Dancis et al. 1992) .
Fungal siderophores
Most fungi have been shown to produce siderophores under aerobic conditions during iron limitation with the notable exception of certain Saccharomyces species (Lesuisse and Labbe 1994; Neilands 1995) . Most fungi secrete hydroxamate-type siderophores including fusarinines, coprogens, and ferrichromes. Many strains have been shown to simultaneously synthesize more than one type of hydroxamate siderophore (see, for e.g., Renshaw et al. 2002) . Although most fungi produce hydroxamate-type siderophores, zygomycetes have been shown to produce the carboxylate siderophore rhizoferrin (Thieken and Winkelmann 1992; Drechsel et al. 1991) . A few fungi also secrete phenolate type compounds under iron limitation, but the relevance of these in iron uptake is uncertain (Fekete et al. 1989; Jellison et al. 1991; Ismail et al. 1985) .
Fusarinines
Cis and trans subunits of
-hydroxy-L-ornithine are fundamental building blocks of many fungal siderophores; these subunits are called the cis-and trans-fusarinines. The fusarinines are hydroxamate siderophores composed of two (fusarinine A, Fig. 1b) or three cis-fusarinine subunits (fusarinine B, Fig. 1c ) joined by labile a-amino ester bonds (Renshaw et al. 2002) . Two cyclic trimers of cis-fusarinine have also been identified (fusarinine C and triacetylfusarinine C, Fig. 1d ; Renshaw et al. 2002) . Neurosporin (Fig. 1e) is a unique siderophore consisting of a cyclic triester of
-D-ornithine polymerized via amino-acyl-ester bonds between the carboxyl group of ornithine and the 3-hydroxy group of the butyric acid moiety (Renshaw et al. 2002) . Neurosporin is particularly unusual since it is composed of D -ornithine while all other known fungal hydroxamate siderophores are derived from L-ornithine (Renshaw et al. 2002) .
Coprogens
The coprogens are fungal siderophores composed of trans-fusarinine subunits. These linear siderophores take either dihydroxamate or trihydroxamate forms. Rhodotorulic acid ( Fig. 3a ; Renshaw et al. 2002) and dimerum acid ( Fig. 3b ; Renshaw et al. 2002) are the two known dihydroxamate coprogen siderophores. In each, two N d -acyl-N d -hydroxy-L-ornithines form a six membered diketopiperazine ring. In rhodotorulic acid, the acyl groups are acetic acid; in dimerum acid, the acyl groups are trans-anhydromevalonic acid. The trihydroxamate coprogens contain two Table 1 ). The four variable R groups of the coprogens include H, CH 3 , acetyl (Ac), anhydromevalonic acid (A), 4-hydroxy-anhydromevalonic acid (B), and palmitic acid (C). These diverse R groups alter the hydrophilic nature of the siderophores thus altering their solubility in water. The specific biological functions of these different substituents are not known.
Ferrichromes
The ferrichromes are cyclic hexapeptide siderophores composed of three N d -acyl-N d -hydroxy-L-ornithine, two variable amino acids (alanine, serine, or glycine), and a glycine linked by way of peptide bonds ( Fig. 4 ; Table 2 ; Jalal and van der Helm 1991). Five acyl groups have been identified so far: acetyl, malonyl, trans-b-methylglutaconyl, trans-anhydromevalonyl, and cis-anhydromevalonyl. The acyl groups are homogeneous in each ferrichrome, except for the asperchromes which are synthesized by Aspergillus ochraceous (Renshaw et al. 2002) . Des(diserylglycyl) ferrirhodin and tetraglycylferrichrome do not follow the typical ferrichrome structure (Fig. 4b, c) . Des (diserylglycyl)ferrirhodin is a linear trimer consisting of three
L-ornithine subunits linked via peptide bonds (Jalal and van der Helm 1991) . Tetraglycylferrichrome is a cyclic heptapeptide with three
L-ornithine residues and four glycine residues (Jalal Fig. 1 Structures of the fusarinines (Renshaw et al. 2002) . a cis-fusarinine, b fusarinine A, c fusarinine B, d fusarinine C (R=H, fusigen) and N,N 0 ,N 00 -triacetylfusarinine C (R=COCH 3 , triacetylfusigen) and e neurosporin Fig. 2 Alkyl groups found in fungal hydroxamate siderophores Fig. 3 a Rhodotorulic acid, b dimerum acid, and c the coprogens (Renshaw et al. 2002) . See Table 1 for R groups Biometals (2009) 22:625-632 627 and van der Helm 1991). Tetraglycylferrichrome is most similar to ferrichrome, which is a cyclic hexapeptide composed of three N d -acetyl-N dhydroxy-L-ornithine residues and three glycine residues (Jalal and van der Helm 1991).
Rhizoferrin Rhizoferrin (Fig. 5) is the only known carboxylate siderophore produced by fungi, specifically synthesized by members of the zygomycetes (Thieken and Winkelmann 1992) . Rhizoferrin is composed of diaminopropane symmetrically acylated with citric Table 2 for R groups), b tetraglycylferrichrome, and c des(diserylglycyl)ferrirhodin (Jalal and van der Helm 1991) Refer to Fig. 2 for acyl group structures; refer to Fig. 4 for structures of the ferrichromes Fig. 5 The structure of rhizoferrin, the polycarboxylate siderophore produced by zygomycetes (Drechsel et al. 1991) acid via amine bonds to the terminal carboxylate of citric acid (Drechsel et al. 1991) . Interestingly, both fungi and bacteria produce rhizoferrin; fungi produce only R,R-rhizoferrin (Drechsel et al. 1992 ) while a few bacteria produce enantio-rhizoferrin (S,S-rhizoferrin; Munzinger et al. 1999 ).
Production of siderophores by marine-derived fungi A series of three papers reported production of iron(III)-binding compounds by marine fungi, but the structures of these compounds were not determined (Vala et al. 2000 (Vala et al. , 2006 Baakza et al. 2004 ). In the first report, Vala et al. (2000) disclosed that ten of thirteen marine fungal strains secreted iron(III)-binding compounds, based on positive ferric chrome-azurol sulfonate (Fe(III)-CAS) solution assays. The putative siderophore-producing strains included C. elegans, Penicillium sp., P. chrysogenum, and P. funiculosum isolated from the water column; Monilia sp. and Paecilomyces variotii isolated from the surface of mangrove plants; and P. citrinum, Rhizopus sp., Syncephalastrum sp., and S. racemosum isolated from sediment (Vala et al. 2000) . As might be anticipated from studies with terrestrial fungi, the four Zygomycetes (C. elegans, Rhizopus sp., Syncephalastrum sp., and S. racemosum) were all found to synthesize carboxylate-type siderophores as determined by spectrophotometric analysis (Vala et al. 2000) . Interestingly, P. variotii was found to produce both hydroxamate and carboxylate-type siderophores, suggesting that carboxylate siderophores may also be produced by fungi outside the Zygomycota. Terrestrial P. variotii have previously been shown to secrete the trihydroxamate siderophore ferrirubin (Renshaw et al. 2002) . Carboxylate-type siderophores have not previously been detected in cultures of fungi outside the Zygomycota. All other siderophore-producing strains were found to generate hydroxamate-type siderophores (Monilia sp., Penicillium sp., P. chrysogenum, P. citrinum, and P. funiculosum; Vala et al. 2000) . No evidence was found for catecholate siderophores. Three strains were found not to produce siderophores: Alternaria sp. isolated from the water column, Dreschlera australiensis isolated from the surface of mangrove plants, and Ulocladium sp. isolated from sediment. A second report compared the production of siderophores by terrestrial and marine fungal strains (Baakza et al. 2004 ). The study included three fungi belonging to Zygomycota (C. elegans, Rhizopus sp., and Syncephalastrum racemosum) and seven varieties of Ascomycota (Aspergillus flavus, A. niger, A. ochraceous, A. versicolor, P. chrysogenum, P. citrinum, and P. funiculosum). For each fungus, siderophore production by a marine isolate was compared to siderophore production by a terrestrial isolate. With the exception of one marine strain of A. flavus, all studied fungi were shown to secrete siderophores in liquid culture (Baakza et al. 2004 ). All marine and terrestrial Zygomycetes were found to synthesize carboxylate-type siderophores by chemical and biological assays (Baakza et al. 2004 ). All marine and terrestrial strains belonging to Ascomycota except the marine A. flavus strain indicated above were shown to produce hydroxamate-type siderophores by chemical and biological assay. The relative concentrations of siderophores were determined by Fe(III)-CAS assay using standard curves prepared from desferrioxamine mesylate (DFOM, a commercially available bacterial siderophore). Interestingly, the marine isolates were found to produce greater quantities of siderophore than their terrestrial counterparts (Baakza et al. 2004 ). Marine and terrestrial C. elegans cultures contained the highest concentrations of siderophores with an estimated 1,987.50 and 1,248.75 lg/ml DFOM equivalents, respectively.
The third report examined siderophore production by ten aspergilli, five from marine (Aspergillus sp., A. nidulans, A. niger, A. ochraceus, and A. versicolor) and five from terrestrial sources (A. duricaulis, A. fumigatus, A. niger, A. ochraceus, and A. versicolor; Vala et al. 2006) . All ten were found to secrete hydroxamatetype siderophores; no evidence of catecholate or carboxylate-type siderophores was found (Vala et al. 2006) . The concentrations of siderophores continued to increase for the 15 days of analysis, with maximum concentrations occurring on day 15. In contrast to the results of the previous study (Baakza et al. 2004) , terrestrial isolates generally produced the highest concentrations of siderophores, with the exception of A. versicolor. Overall, the highest concentration of siderophores was detected from a marine isolate of A. versicolor on day 15 (182.5 lg/ml DFOM equivalents; Vala et al. 2006) . Marine Aspergillus sp. and A. niger produced the lowest concentrations of siderophores with only 14.4 lg/ml DFOM equivalents after 15 days. Thus, both marine and terrestrial aspergilli were found to produce only hydroxamate-type siderophores based on chemical assays.
Structures of marine fungal siderophores: pistillarin
In the first report of structural characterization of a siderophore from a marine fungus, siderophore production by a marine isolate of Penicillium bilaii was investigated. P. bilaii was isolated from a boat ramp in Port Huon, Tasmania and was found to produce pistillarin (Fig. 6) , a rare catechol siderophore, when grown under relatively high iron conditions on malt extract agar (Capon et al. 2007) . A terrestrial isolate of Penicillium striatisporum collected nearby was found to produce similar aromatic polyketides and diketopiperazines but was not found to produce pistillarin (Capon et al. 2007 ). Pistillarin is a bitter compound produced by many macro fungi, which is known to coordinate iron(III) (Steglich et al. 1984) . Interestingly, this compound contains an unusual 3,4-dihydroxycatechol moiety which was also identified in the marine bacterial siderophore petrobactin ( Fig. 6 ; Barbeau et al. 2002; Bergeron et al. 2003; Hickford et al. 2004 ). Moreover, both are constructed from a spermidine scaffold. Not only are the structural features of pistillarin unusual for siderophores, but catechol-type siderophores have only rarely been isolated from fungi (Fekete et al. 1989; Jellison et al. 1991; Ismail et al. 1985) .
Structures of marine fungal siderophores: rhizoferrin
A second marine fungal siderophore has been characterized from marine-derived C. elegans ATCC36112, reported here. The siderophore was identified by electrospray-ionization mass spectrometry (ESI-MS), tandem MS, and NMR. C. elegans ATCC36112 is a hydrocarbon degrading marine fungus isolated from estuarine mud (Cerniglia and Perry 1973) . C. elegans strains have been isolated from a wide variety of environments ranging from marine sources to terrestrial soil samples and were repeatedly isolated from coastal seawater (Vala et al. 2000; Baakza et al. 2004) . C. elegans ATCC36112 was grown at room temperature in a modified artificial seawater medium, without the added vitamins, for 5-10 days with shaking at 170 rpm (Martin et al. 2006) . Siderophores were isolated from the acidified supernatant (pH 2-3) using XAD-2 and a water/methanol step gradient. Siderophores were further purified by reversed phase HPLC using an ODS-AQ column (10 mm ID 9 250 mm length) with a linear water/methanol gradient in 0.05% trifluoroacetic acid. The molecular mass of the purified compound was determined by ESI-MS to be m/z 437.1 on a Micromass QTOF2 Quadrupole Time-of-Flight spectrometer in positive ion mode dissolved in water/methanol with formic acid. Daughter ions were generated by collision with argon gas and the fragmentation pattern analyzed (data not shown). Repeated loss of 46 amu was evident in the fragmentation pattern (from m/z 437 to 391 to 345) and is indicative of the presence of two citrate moieties. Loss of 46 amu corresponds to decarboxylation of the citrate moiety and is a signature for the presence of citrate (Küpper et al. 2006) . A major peak at m/z 263 corresponded to loss of a citryl moiety from the native siderophore while a peak at m/z 173 corresponds to the citryl fragment. The siderophore was tentatively identified as rhizoferrin based on the mass and fragmentation pattern.
The identification of this siderophore as rhizoferrin was confirmed by one and two dimensional NMR. Approximately 7 mg of purified sample in 95% water/5% D 2 O (500 ll) was analyzed by 1 H, 13 C, APT, 1 H-1 H COSY, HSQC, and HMBC on a 600 MHz UNITY INOVA 600 NB NMR System. These data were evaluated and compared to published values (Table 3 ; Drechsel et al. 1992) . These data confirm that the siderophore produced by Fig. 6 Structures of a pistillarin, a marine fungal siderophore (Capon et al. 2007 ) and b the petrobactins, marine bacterial siderophores (Barbeau et al. 2002; Bergeron et al. 2003; Hickford et al. 2004) C. elegans ATCC36112 is rhizoferrin. The identification of rhizoferrin from C. elegans ATCC36112 agrees with previous studies which indicated that marine-derived C. elegans strains produced carboxylate-type siderophores (Vala et al. 2000; Baakza et al. 2004 ). Rhizoferrin has also been isolated from terrestrial strains of C. elegans (Thieken and Winkelmann 1992).
Conclusions
Two marine fungal siderophores have been structurally characterized: the unusual catecholate siderophore pistillarin (Capon et al. 2007 ) and the polycarboxylate siderophore rhizoferrin. Both siderophores were isolated from near-shore fungal isolates collected from marine sediment (C. elegans ATCC36112) or from the surface of a marine boat ramp (P. bilaii). Tantalizing results from early studies indicated that most marine fungi secrete siderophores; 24 of 28 marine fungal strains were found to produce siderophores based on chemical and biological assays. It will be fascinating to determine the structures of siderophores produced by marine fungi and to investigate the interactions between these molecules, marine fungi and bacteria, and their environment. reductase of Saccharomyces cerevisiae: molecular characterization, role in iron uptake and transcriptional control by iron. Proc Natl Acad Sci USA 89:3869-3873 Drechsel H, Metzger J, Freund S et al (1991) 
